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A s a critical step in optimizing responses to specific pathogens, Ig genes undergo genomic sequence rearrangements in germinal center (GC) 4 B cells, a process called Ig gene diversification, which includes somatic hypermutation (SHM) and class switch recombination (CSR). A hallmark for both SHM and CSR is the generation of DNA double-strand breaks (DSB) induced by activation-induced cytidine deaminase (1) . In most somatic cells, the response to DSB is marked by the activation of p53, which in turn induces cell cycle arrest or apoptosis. By activating p21 to induce cell cycle arrest, p53 provides cells with the opportunity to repair DNA DSB before completing the cell cycle (2) (3) (4) . The activation of p53 can also result in cell death, caused by induction of proapoptotic genes (5) , indicating that pathways controlling p53 activity must be exquisitely monitored. GC B cells, however, must be able to tolerate these physiologic DSB without experiencing apoptosis or cell cycle arrest.
Several studies have indicated that BCL6, a gene critical to the GC reaction, may function in various ways to protect GC B cells from growth arrest and apoptosis. These include direct transcriptional repression of both p53 (6) and the programmed cell death gene PDCD2 (7) , as well as suppression of p21 transcription by interacting with MIZ1 bound to the p21 promoter (8) . Recently, we reported that expression of BCL6 is regulated in part by the transcription factor IFN regulatory factor 8 (IRF8), also known as IFN consensus sequence binding protein (ICSBP) (9) , suggesting the involvement of IRF8 in GC B cell physiology.
Tyrosine phosphorylation and dephosphorylation have been shown to control the activity of IRF8 (10, 11) , and recent studies have identified contributions of ubiquitylation by TRIM21 and CBL to the function and degradation of the protein (12, 13) . Although IRF8 has been shown to have major effects on the development and function of myeloid and dendritic cells (14, 15) , it is also expressed in B lineage cells. Expression can be detected from the earliest stages of commitment to the lineage (16) , is at highest levels in GC B cells, and is virtually extinguished in plasma cells (9, 17, 18) .
To further understand the role of IRF8 in GC B cell physiology, we performed an exploratory experiment comparing the gene expression profiles of a GC lymphoma-derived B cell line with small interfering RNA (siRNA)-induced suppression of IRF8 vs unsuppressed cells. Among genes regulated by IRF8, Mdm2 was of particular interest. Mdm2 encodes a regulator of p53, which inhibits p53 function in two distinct ways. It blocks p53 transcriptional activity by binding directly to the transcriptional activation domain of p53 (19, 20) . Additionally, as an E3 ligase, MDM2 ubiquitinates p53, inducing its nuclear export and proteosomal degradation (21, 22) . MDM2 also directly inhibits p21 function by promoting p21 degradation via a ubiquitin-independent pathway (23) . MDM2 is overexpressed in a significant portion of different types of cancers (24 -27) , in which it acts as an oncogene by suppressing p53 activity, thereby permitting the uncontrolled growth of tumor cells.
In this study, we present results that show Mdm2 is a direct transcriptional target of IRF8. We also show that B cells deficient in IRF8 exhibit increased sensitivity to cell death induced by DNA DSB or by IL-21, a cytokine involved in several aspects of B cell survival and differentiation (28, 29) . IRF8 may thus facilitate the expansion of Ag-specific B cells during the course of a GC response. These results also suggest that IRF8 may contribute to Laboratory of Immunopathology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Rockville, MD 20852 lymphomagenesis through its regulation of MDM2 and by collaborating with BCL6 to disable the p53 tumor suppressor pathway.
Materials and Methods

Mice, splenic GC B cells, and B cell lines
Normal C57BL/6J (The Jackson Laboratory) and C57BL/6-Irf8 Ϫ/Ϫ mice described previously (30) were studied at 6 -8 wk of age under a protocol (LIP-4) approved by the National Institute of Allergy and Infectious Diseases Animal Care and Use Committee. IRF8 conditional knockout mice (IRF8-CKO) were generated by CD19-driven Cre-mediated excision of Exon 2 of Irf8, which was flanked by LoxP sites (methods will be described elsewhere). Portions of spleens taken at necropsy were frozen in OCT and processed for immunohistochemical analysis. To isolate GC B cells, spleen cells from wild-type (WT) and Irf8 Ϫ/Ϫ mice immunized i.p. 12 days previously with 100 g of keyhole limpet hemocyanin in alum were stained with anti-GL7-FITC and peanut lectin (agglutinin) (PNA)-biotin followed by streptavidin-allophycocyanin GC cells (PNA ϩ , GL7 ϩ ) were sorted using a FACSAria (BD Biosciences).
The mouse NFS-202 B cell line that expresses IRF8 at high levels and NFS-202 clones expressing either of two Irf8-suppressive siRNAs or an inactive siRNA were described previously (9) . The mouse NFS-203 cell line was derived from a late-stage B cell lymphoma of an NFS.V ϩ mouse and was found to express little or no IRF8 protein. MPC-11, a mouse plasmacytoma cell line that does not express IRF8, was obtained from Dr. M. Potter (National Cancer Institute, National Institutes of Health). Cells were cultured in DMEM containing 10% FBS, 2 mM glutamine, 2-mecaptoethanol, nonessential amino acids, and insulin/transferrin in a 5% CO 2 atmosphere.
Overexpression of IRF8 in NFS-203 cells
To overexpress IRF8 in NFS-203 cells, an expression vector containing a full-length Irf8 cDNA clone, pCDNA3.1-IRF8 (a gift from Dr. K. Ozato, National Institute of Child Health and Human Development, National Institutes of Health), was transfected into NFS-203 cells. Cells transfected with an empty plasmid served as controls.
Oligonucleotide microarray and quantitative real-time RT-PCR (qPCR)
Oligonucleotide microarrays were used to profile the transcriptome of B cells from Irf8 Ϫ/Ϫ mice and Irf8 knockdown B cells as described previously (31) . Briefly, mRNA was isolated from cells using TRIzol, and cDNA was prepared using a SuperScript III reverse transcriptase kit (Invitrogen). cDNA from samples and from a reference pool derived from mouse hematopoietic cell lines were labeled with Cy5 and Cy3, respectively, and hybridized to a 70-mer oligonucleotide microarray chip manufactured by the Microarray Research Facility at National Institute of Allergy and Infectious Diseases, National Institutes of Health. Microarray data are available under accession no. GSE1908 (www.ncbi.nlm.nih.gov/ projects/geo/query/). For qPCR, total RNA was isolated and cDNA was prepared as above. The mixture of cDNA, primers, and Power SYBR Green PRC Master mix (Applied Biosystems) was run on an ABI 7900 real-time PCR system (Applied Biosystems). The primer sequences for Irf8, Mdm2, p21, p53, Pmaip1, pre-miR34a, and Gapdh are listed in supplemental Table I . 5 The ⌬⌬C t value (cycle of threshold) was calculated using Gapdh as the reference gene.
Immunohistochemical analyses
Immunohistochemical staining of mouse spleen tissue was performed as described previously (9, 32) . Briefly, serial frozen sections were incubated with Abs specific to MDM2 (R&D Systems) or BCL6 (Santa Cruz Biotechnology), or with PNA followed by anti-PNA Ab (Vector Laboratories). Subsequently, the sections were incubated with appropriate secondary Abs. The signals were developed using diaminobenzidine tetrahydrochloride (Sigma-Aldrich) as chromogen.
Western blot analysis
Proteins were extracted from mouse spleen or cultured cells using a buffer containing 1% Triton X-100, 400 mM NaCl, 10% glycerol, and 1ϫ protease inhibitor (Roche). Equal amounts of protein samples were loaded onto a 4 -12% gradient SDS-PAGE and run at a constant current. Subsequently, proteins were transferred to a nitrocellulose membrane. The membrane was blocked with 4% fat-free milk powder in PBS, followed by incubation with appropriate primary and secondary Abs. The primary Abs used were: anti-IRF8 (a gift from Dr. K. Ozato), anti-MDM2 (AF1244; R&D Systems), anti-p53 (clone 1C12; Cell Signaling Technology), and anti-p21 (F-5; Santa Cruz Biotechnology). Protein signals were detected using ECL reagents (Pierce).
Oligonucleotide pull-down assay
To test the in vitro binding of IRF8 to the Mdm2 promoter, we used an oligonucleotide pull-down assay as described by Slack et al. (33) . Briefly, biotinylated double-stranded 34-mer oligonucleotides were synthesized (IDT DNA Technologies) that represent the Mdm2 P2 promoter sequence at ϩ185 to ϩ218 that contains an IRF/Ets composite site (IECS)-like element (see Fig. 2A ) (34) . The sequences for WT, mutant, and scrambled oligonucleotides are listed in supplemental Table II . The oligonucleotides were bound to streptavidin-conjugated magnetic beads (Dynal M280; Invitrogen) and added to a reaction mixture containing protein extracts, poly(dI-dC), and salmon sperm DNA. The mixture was incubated for 2 h at 4°C with constant rotation, followed by washing with ice-cold binding buffer. Proteins bound to the oligonucleotides were eluted with SDS loading buffer for 20 min at 85°C, and were loaded on a 4 -12% gradient SDS-PAGE for Western blot analysis.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as described previously (35) . Cells (1 ϫ 10 8 ) were cross-linked with 1% formaldehyde for 20 min at room temperature and then lysed. The lysates were sonicated for 30 s for 12 times to generate chromatin fragments with an average length of ϳ200 -600 bp. The chromatin was immunoprecipitated with goat anti-IRF8 Ab (C19; Santa Cruz Biotechnology). A 5-l or 1-l aliquot out of the 75 l solution of DNA recovered from the immunoprecipitate or input DNA (1/60) was used for PCR, and the products were analyzed on a 2% agarose gel after 32 cycles of amplification. The following primers were used for PCR: mouse Mdm2 promoter (sense, 5Ј-CCGTGAAGGGTCGGAAGATG-3Ј, antisense, 5Ј-CACCCCCC-ACTCCCACCCAC-3Ј) and mouse Bcl6 promoter (sense, 5Ј-GTGCCTAATACTCT-AGCTGGAAGGAG-3Ј, antisense, 5Ј-GCTC GGCCTCTGGAATTCT-3Ј) as a positive control. The expected amplicon for the Mdm2 gene is a 220-bp fragment and for the Bcl6 gene is a 250-bp fragment (see Fig. 2A ).
Luciferase reporter assay
A murine IRF8 expression vector (pCDNA3.1-IRF8) was provided by Dr. K. Ozato. The reporter plasmid (800 ng) was used for transfection of HeLa cells grown in 12-well plates together with the pRL-SV40 Renilla luciferase vector (50 ng) (Promega) as an internal control. To test dosage effects, 100, 200, and 300 ng of the IRF8 expression vector were adjusted to a total 300 ng of plasmid with pCDNA3.1 empty vector. The Mdm2 luciferase reporter gene plasmids P1-P2 and T2 were provided by Dr. H. Wu (University of California at Los Angeles) (36) . Luciferase activities were measured 22 h after transfection using the dual-luciferase reporter assay kit (Promega) according to the manufacturer's protocol. All samples were tested in triplicate.
Cell proliferation assay
NFS-202 B cell clones expressing IRF8-specific siRNAs no. 2 or no. 5, or an inactive siRNA control were cultured at 1000 cells/well for 24, 48, or 72 h. The number of viable cells in each well was measured using a Cell-Titer-Glo luminescent cell viability assay kit (Promega) based on the manufacturer's instructions.
Apoptosis rate measured by caspase-3 activity
NFS-202 or NFS-203 cells, cultured in 6-well plates at 1 ϫ 10 6 /well, were treated with 5 M etoposide (Sigma-Aldrich) for 6 h or with 200 ng/ml IL-21 (R&D Systems) for 20 h. Cells were harvested and washed twice with cold PBS. Cell lysates were prepared and the activity of caspase-3 was measured based on hydrolysis of the peptide substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide, which was determined colorimetrically (CASP-3-C; Sigma-Aldrich).
Statistical analysis
Experimental data were analyzed using the general linear model procedure of SAS software (SAS Institute).
Results
Suppression of IRF8 expression in vitro and in vivo is associated with reduced levels of MDM2 transcripts and protein
We used oligonucleotide microarrays to compare transcriptional profiles of GC-origin NFS-202 mouse B lymphoma cells stably transfected with control or IRF8-specific siRNAs. We found that the levels of Mdm2 transcripts in cells deficient in IRF8 were decreased by 80% compared with levels in the control cells (data not shown). This effect was confirmed by qPCR. In NFS-202 cells with siRNA-induced knockdown of IRF8, the levels of Irf8 transcripts were reduced by 77% while the levels of Mdm2 transcripts were reduced by 72% (both p Ͻ 0.01) ( Fig. 1A) . Western blot analyses of protein extracts from control and Irf8 knockdown cells showed that the levels of IRF8 and MDM2 proteins were similarly reduced (Fig. 1B) . To determine whether IRF8 is also involved in regulating MDM2 expression in vivo, we isolated GC B cells from WT and Irf8 knockout mice and found that the level of Mdm2 transcripts significantly decreased in Irf8 Ϫ/Ϫ B cells compared to the WT B cells ( p Ͻ 0.05) (Fig. 1A) . We also performed immunohistochemical studies of frozen sections from spleens of WT and Irf8 knockout mice. In WT mice, GC B cells defined by binding of PNA expressed higher levels of MDM2 than did surrounding follicular B cells or other splenic elements. In contrast, in Irf8 knockout mice little if any MDM2 protein was expressed by the GC cells (Fig. 1C) . These data strongly suggest that IRF8 is involved in regulating the expression of MDM2 in GC B cells.
IRF8 binds an IRF8 target sequence in the Mdm2 promoter in vitro and in vivo
To determine whether IRF8 might be directly involved in the transcriptional regulation of MDM2, we first examined DNA sequences 5Ј of the Mdm2 start site for potential IRF8 binding sites. Regulation of Mdm2 expression is complex, involving two promoters, P1 and P2, that govern transcripts with different translational potentials ( Fig. 2A) (36) . Analysis of this region revealed a sequence on the minus strand in the P2 promoter (-GAAAAGAGG GAA-) similar to a recently identified IECS (15) . An in vitro oligonucleotide pull-down assay using a magnetic bead-conjugated 34-bp oligonucleotide containing this motif was used to "fish" proteins from cell lysates of NFS-202 cells. Proteins eluted from the beads were examined by Western blotting using an IRF8-specific Ab to probe the bound proteins. The results showed that IRF8 bound to the WT motif from the Mdm2 promoter, but not to a probe with mutations in the IECS-like sequence or a scrambled form of the oligonucleotide (supplemental Table II and Fig. 2B) .
To investigate the physiological relevance of this binding, we used ChIP assays to see if IRF8 was bound to 5Ј regulatory sequences of Mdm2 in vivo. Previous studies showed that IRF8 is expressed at high levels in GC B cells but little, if any, in terminally differentiated plasma cells (9) . To take advantage of this and p53-responsive promoters (P2) with their associated transcription start sites (arrows) and exon 1. The location of an IECS-like element and the region examined in ChIP analyses are also shown. The start site of exon 1 is indicated as ϩ1. B, Western blot analyses of oligonucleotide pull-downs using the wild-type IECS-like (WT; core -GAAAAGAGGGAA-, italic denotes the two core elements), mutant (MT; core -GCAGAGAGTGTG-, underscore denotes the mutation), and scrambled (SC; core -GGAGAG GAGCGG-) oligonucleotides (OLIGOS). Also shown are control lanes with 10% of input nuclear protein (Input) and flow-through unbound protein (FT). C, ChIP analysis for in vivo binding of IRF8 to mouse Mdm2 P2 promoter. Anti-IRF8 Ab was used to precipitate fragments of genomic DNA from NFS-202 cells. The binding of IRF8 to Mdm2 P2 promoter is shown, together with its binding to Bcl6 promoter as a positive control. The same experiments were performed using DNA from MPC-11 cells that express little if any IRF8. difference, we examined the genomic sequence containing the IECS-like motif from the GC-origin NFS-202 cells and, as a negative control, from the mouse plasmacytoma cell line MPC-11 (37) . Study of cross-linked DNA precipitated with IRF8-specific Abs demonstrated that IRF8 occupied the promoter region in the GC cell line but not in the plasmacytoma cell line (Fig. 2C ). Parallel analyses of the Bcl6 promoter region served as a positive control for recognition of target sequences by IRF8 (Fig. 2C) .
IRF8 increases the transcriptional activity of the Mdm2 promoter
To further examine the cis-acting elements responsible for IRF8mediated activation of Mdm2 transcription, we performed promoter reporter assays in HeLa cells (Fig. 3 ) using a luciferase gene linked to genomic DNA fragments of the Mdm2 promoter region: P1-P2, which contains both the P1 and P2 promoters; and T2, which contains the P2 promoter ( Fig. 2A) . HeLa cells were cotransfected with the reporter constructs and either an IRF8 expression vector or an empty vector. The results showed that the luciferase activities of P1-P2 and T2 were increased 4.6-and 3.8-fold, respectively, in cells overexpressing IRF8 (Fig. 3) . These results indicated that sequences in the Mdm2 P2 promoter region were responsive to transcriptional activation by IRF8.
Suppression of IRF8 expression increases p53 and p21 protein levels
It is well known that MDM2 is a negative regulator of the functions of both p53 and p21 as a result of its activity as an E3 ligase as well as by E3 ligase-independent activities (20, 38) . To determine the relationships among IRF8, MDM2, p53, and p21 levels in GC B cells, we used Western blot analyses to examine protein levels in extracts prepared from NFS-202 cells expressing inactive or IRF8-specific siRNAs. We also examined extracts prepared from NFS-203 cells that express negligible amounts of IRF8 transcript or protein, and NFS-203 cells bearing an IRF8 expression vector. The results showed that the levels of p53 and p21 proteins were significantly increased in cells with reduced expression of IRF8 (Fig. 4A) . In contrast, levels of both p53 and p21 were substantially reduced in NFS-203 cells carrying an IRF8 expression vector (Fig. 4A) . To determine whether the effects of siRNA-induced suppression of IRF8 on p53 and p21 expression were mediated at the transcriptional or posttranscriptional levels, we quantitated the levels of p53 and p21 transcripts in control and Irf8 knockdown cells by qPCR (Fig. 4B) . The results showed that the transcript levels for both genes were similar in the control and Irf8 knockdown cells. Parallel studies showed that the levels of p53 and p21 transcripts in purified GC B cells from IRF8 knockout and WT mice were equivalent (data not shown). These data indicated that the observed regulation of p53 and p21 protein expression was mediated posttranscriptionally.
It would be expected that increased levels of p53 protein in IRF8-deficient B cells would be associated with increased expression of p53 target genes besides p21. To examine this issue, we measured the transcript levels of Pmaip1, a direct target of p53 that encodes the proapoptotic protein PMAIP1/NOXA, in NFS-202 cells with IRF8 knockdown as well as in GC B cells isolated from Irf8 knockout mice. The results showed that the levels of Pmaip1 transcripts were increased significantly in both cell populations ( p Ͻ 0.01) ( Fig. 4C ).
Suppression of IRF8 slows proliferation and enhances apoptosis of B lymphocytes
To examine the functional importance of IRF8-dependent regulation of MDM2, p53, p21, and PMAIP1/NOXA we first compared the proliferation of NFS-202 cells bearing either of two IRF8specific siRNAs (clone nos. 2 and 5) or an inactive siRNA (control) during a 72-h period. The results showed that the cells deficient in IRF8 grew much more slowly than the control cells (Fig.  5A ). As noted previously, MDM2 functions to regulate the proapoptotic activity of p53 in a variety of cell types. To determine whether this is also the case for mature B cells, we first treated NFS-202 cells bearing inactive or IRF8-specific siRNAs with etoposide to induce DNA DSB and measured the extent of caspase-3 activation. Caspase-3 activity was significantly increased in NFS-202 cells treated with etoposide, while the levels in treated IRF8deficient cells were Ͼ2-fold higher than the levels in treated control cells ( p Ͻ 0.001) (Fig. 5B) . Treatment with etoposide also stimulated substantial caspase-3 activity in NFS-203 cells that express little IRF8, but this increase was completely abrogated in cells bearing the IRF8 expression vector (Fig. 5C ). These results indicated that the sensitivity of B cells to apoptosis caused by etoposide-induced DNA DSB was inversely correlated with levels of IRF8 expression.
Follicular Th cells are critically involved in determining the fate of B cells involved in GC responses to T-dependent Ags due, in part, to their expression of the type I cytokine IL-21 (39, 40) . IL-21 induces apoptosis of resting and anti-IgM-stimulated B cells, but promotes the maturation of CD40-stimulated B cells into Ig classswitched memory cells and plasma cells (28, 29) . To determine whether IRF8 might be involved in the cell fate decisions made by GC B cells exposed to IL-21, we examined NFS-202 cells bearing inactive or IRF8-specific siRNAs for their responses to stimulation with IL-21. Although treatment with IL-21 had no effect on the levels of caspase-3 activity in control cells, the levels were significantly increased in cells deficient in IRF8 ( p Ͻ 0.001) (Fig. 5D ). These results strongly suggest that IRF8 enables GC B cells to tolerate apoptotic signals induced by exposure to IL-21.
IRF8 deficiency reduces proliferation of GC B cells in vivo
Although GC centroblasts are among the most rapidly dividing cells in the body, the mechanisms governing their high proliferative rate are poorly understood. This is perhaps best exemplified by the fact that GC B cells do not express MYC at either the protein or the transcriptional level (41), whereas both transcripts and protein are present at elevated levels in the highly proliferative transient-amplifying compartment of intestinal crypts (42) . Proliferative cells of the GC are readily detected at the peak of a primary response by evaluating mice treated with BrdU from the time of immunization for the presence of BrdU-containing GC cells. To determine whether IRF8 might influence GC B cell proliferation in vivo, we examined mice immunized with SRBC 12 days previously for the frequencies of GL-7 ϩ FAS ϩ cells that stained for BrdU. For this study, we compared GC B cells from mice homozygous (F/F) and heterozygous (F/ϩ) for a conditional allele of IRF8 that had been crossed with mice expressing CD19-Cre to selectively deplete B cells of IRF8. These studies showed that the frequency of BrdU ϩ GC B cells from F/F CD19-Cre/ϩ (CKO) mice was 12% lower than that of B cells from F/ϩ CD19-Cre controls ( p Ͻ 0.05) (Fig. 6) . These data indicate that IRF8 has a relatively minor role in governing GC B cell proliferation in response to a strong antigenic stimulus.
Discussion
B lymphocytes engaged in the GC response uniquely experience physiologic DNA DSB resulting from activation-induced cytidine deaminase-induced SHM and CSR. In most cells, DNA DSB induces a stress response featured by p53 activation leading to growth arrest or apoptosis. This stands in striking contrast to the relative immunity of GC B cells to these downstream consequences of DNA breakage. The results of this and other recent studies indicate that the protein products of two genes, IRF8 and BCL6, expressed together at high levels in mature GC B cells synergize to suppress p53-mediated responses. IRF8 mediates the direct transcriptional activation of the gene encoding MDM2, which promotes p53 degradation, while BCL6 represses p53 transcription by binding directly to sequences within the p53 promoter region (6) . IRF8 also directly regulates the transcriptional activity of Bcl6 (9) . These activities provide a basis for understanding the near complete absence of p53 transcripts or protein in GC B cells (6) . Additionally, BCL6 was also reported to repress p21 expression through its interaction with another transcription factor, MIZ1 (8) . p21 plays an essential role in cell-cycle arrest after DNA damage (2) (3) (4) . Because of the physiological occurrence of DNA DSB in GC B cells, inhibition of p21 activity is probably critical to the highly proliferative state of GC centroblasts. Taken together, the results of this and previous studies indicate that BCL6 and MDM2 play complementary roles in suppressing the expression of p53 and p21 in GC B cells: BCL6 by acting through transcriptional repression, and MDM2 by promoting protein degradation. IRF8 contributes to these regulatory circuits by activating both BCL6 and MDM2 at the transcriptional level (Fig. 7) .
The finding that IRF8 regulates the expression of MDM2 as well as BCL6 suggests a wider role for this transcription factor in GC development than was appreciated previously. GC centroblasts express IRF8 and BCL6 at the highest levels among any B cell subset and have the shortest doubling times of almost any eukaryotic cell type. A mechanistic or functional explanation for this has not been fully developed, but the fact that IRF8 and BCL6 together suppress p53-dependent as well as p53-independent growth arrest and apoptosis pathways suggests the importance of this phenotype. The contributions of IRF8 to this biology would appear to extend beyond regulation of BCL6 and MDM2, as microarray and qPCR analyses of the NFS-202 cells suggest that IRF8 may also suppress transcription of Cdkn1b (p27) and Cdkn2c (p18) (data not shown). The high proliferative rate of GC B cells may be required to generate the number of cells needed to survive negative selection as centrocytes for generation of effective T-dependent responses.
The regulation of MDM2 by IRF8 also has implications for lymphomagenesis. Aberrant constitutive expression of BCL6 due to chromosomal translocations and/or activation-induced cytidine deaminase-dependent mutations in 5Ј noncoding regulatory sequences is a feature of the great majority of human diffuse large B cell lymphomas (43, 44) . Coexpression of IRF8 with BCL6, even at physiologic levels, could markedly impair the ability of cells to repair the types of DNA damage that could contribute to disease progression. Thus, by synergizing with BCL6 to regulate p53 and p21, IRF8 may promote the proliferative phase of the normal GC reaction but also the proliferative expansion of B cell lymphomas through its regulation of MDM2. It will be important to determine whether IRF8 and BCL6 function similarly in other cells types, such as macrophages and dendritic cells, that express both genes at high levels (45, 46) . 
